Large gains in performance, evolving hours after practice has terminated, were reported in a number of visual and some motor learning tasks, as well as recently in an auditory nonverbal discrimination task. It was proposed that these gains reflect a latent phase of experience-triggered memory consolidation in human skill learning. It is not clear, however, whether and when delayed gains in performance evolve following training in an auditory verbal identification task. Here we show that normal-hearing young adults trained to identify consonant-vowel stimuli in increasing levels of background noise showed significant, robust, delayed gains in performance that became effective not earlier than 4 h post-training, with most participants improving at more than 6 h post-training. These gains were retained for over 6 mo. Moreover, although it has been recently argued that time including sleep, rather than time per se, is necessary for the evolution of delayed gains in human perceptual learning, our results show that 12 h post-training in the waking state were as effective as 12 h, including no less than 6 h night's sleep. Altogether, the results indicate, for the first time, the existence of a latent, hours-long, consolidation phase in a human auditory verbal learning task, which occurs even during the awake state.
A leading notion in current memory research is that the acquisition of procedural (how to) memory, specifically skill learning, is a multistep process continuing beyond the actual training experience (Karni and Sagi 1993; Korman et al. 2003; Maquet et al. 2003a) . One characteristic of adult skill learning is that incremental, time-dependent gains in performance evolve, in a latent manner, hours after the termination of practice (see Karni and Sagi 1993; Karni et al. 1994; Stickgold 1998; Hauptmann and Karni 2002; Maquet et al. 2003a ). There are several indications that during this latent phase, both quantitative and qualitative changes occur in the knowledge gained during the training experience (Karni and Sagi 1993; Brashers-Krug et al. 1996; Hikosaka et al. 1999; Korman et al. 2003; Walker et al. 2003) . The evolution of delayed gains in performance was proposed to reflect the properties of a limited set of basic mechanisms of neuronal plasticity throughout the adult cortex (Karni and Sagi 1993; Karni 1996; Karni and Bertini 1997) .
Delayed gains in performance were clearly shown in different versions of a visual texture discrimination learning task (see Karni and Sagi 1991, 1993; Karni et al. 1994; Stickgold 1998; Gais et al. 2000; Stickgold et al. 2000a,b) , in a visual enumeration task (Hauptmann and Karni 2002) , in a motor sequence learning paradigm (Fischer et al. 2002; Walker et al. 2002; Korman et al. 2003) and in visuo-motor tasks (e.g., Maquet et al. 2000 Maquet et al. , 2003b . Recently, delayed gains were reported in an auditory nonverbal pitch memory task (Gaab et al. 2004 ), but only if sleep was allowed. Others, however, investigating the role of sleep in complex nonverbal auditory learning tasks found no delayed gains, compared with immediate post-training performance, either with or without sleep (Atienza et al. 2004; Gottselig et al. 2004 ).
There is growing evidence that sleep may play an important role in the evolution of delayed gains in performance (for review, see Maquet et al. 2003a) . While it has been established that time including sleep contributes to the evolution of delayed gains in visual (see Karni et al. 1994; Stickgold 1998) , and perhaps more so in motor (see Walker et al. 2002) skill learning, an important unresolved issue is whether time including sleep, rather than time per se, is a prerequisite or only a facilitating factor for the evolution of these gains (Karni and Sagi 1993; Karni et al. 1994; Maquet et al. 2000 Maquet et al. , 2003b Stickgold et al. 2000a,b; Peigneux et al. 2001; Fischer et al. 2002; Walker et al. 2002; Korman et al. 2003) .
The aim of the current study was to investigate whether delayed gains in performance significantly contribute to human learning in a verbal auditory identification task, and to study the time-course of evolution and retention of such gains. The results show that (1) training resulted in robust, long-lasting, timedependent delayed gains in performance in normal hearing young adults; and (2) time (on the order of a few hours) in the awake state was sufficient for the evolution of robust delayed gains in auditory performance.
Results
The design of the study (experiments 1 and 2) is shown in Figure  1 . A single intensive training session on a consonant-vowel (CV) syllables-in-noise identification task resulted in significant timedependent latent gains in performance in 44 of 48 participants at 24 h post-training. No significant gains in performance occurred in the nine of 10 subjects, who were tested within the first 5 h post-training, with some participants showing a decrease in performance ( Fig. 2 ) (mean improvement = ‫%16.0מ‬ ‫ע‬ 4.57; dЈ = 1.8 ‫ע‬ 0.23 and 1.73 ‫ע‬ 0.21 at training and 1-5 h posttraining, respectively). However, eight of 10 participants who were tested at 6-12 h post-training (time spent in the awake state) s h o w e d s i g n i f i c a n t g a i n s i n p e r f o r m a n c e ( A N O V A , F (1,9) = 157.66; P < 0.001, mean improvement = 5.07% ‫ע‬ 3.04; dЈ = 1.91 ‫ע‬ 0.22 and 2.39 ‫ע‬ 0.25 at training and 6-12 h posttraining, respectively) (Fig. 2) . All 20 of the above participants showed significant robust gains in performance on retesting at 24 h post-training (Fig. 2) . By that time, both groups showed similar gains in performance (mean improvement = 9.24% ‫ע‬ 3.22 and 9.19% ‫ע‬ 1.93; and dЈ = 2.55 ‫ע‬ 0.38 and 2.86 ‫ע‬ 0.34 for the 1-5 and 6-12 h post-training groups, respectively). At 48 h posttraining, no additional gains in performance were observed compared with 24 h post-training (8.46% ‫ע‬ 3.19 and 8.17% ‫ע‬ 1.61, respectively, P = NS).
The possibility that gains in performance observed 24 h post-training were influenced by the experience gained during the first post-training test (at 1-12 h post-training) was excluded as no significant differences in the gains were observed at 24 h post-training between the control group participants-who were tested only once (at 24 h post-training)-and those obtained at 24 h post-training in the participants who were tested also at 1-12 h post-training (mean improvement = 9.33% ‫ע‬ 1.4 and 9.45% ‫ע‬ 2.08; and dЈ = 0.84 ‫ע‬ 0.32 and 0.92 ‫ע‬ 0.22 in the control and experiment 1 groups, respectively, P = NS).
Performance gains attained by 24 h post-training were fully maintained in all (nine of nine) individuals that were retested at 1 mo post-training (mean performance = 90.22% ‫ע‬ 3.95 and 88.56% ‫ע‬ 1.96; dЈ = 2.77 ‫ע‬ 0.49 and 2.59 ‫ע‬ 0.27 at 24 h and 1 mo post-training, respectively), and in all (six of six) individuals tested at 6 mo post-training, with no training in the interval (mean performance = 89.5% ‫ע‬ 2.83 and 90.58% ‫ע‬ 3.46; dЈ = 2.6 ‫ע‬ 0.3 and 2.82 ‫ע‬ 0.33 at 24 h and 6 mo post-training, respectively) (Fig. 2) .
In experiment 2, two groups of participants were tested for a possible differential effect of equal intervals of time posttraining during daytime (in wakefulness) or overnight (including a normal sleep of >6 h duration) on performance at different time points post-training. No significant differences in the initial performance (at each signal-to-noise ratio [SNR] ) were observed between the two groups, reducing the likelihood of circadian effects on performance (Fig. 3A ). Significant gains in performance, of similar magnitude, were obtained at 12 h post-training in both groups. The over-day group improved by 6.17% ‫ע‬ 3.52 (ANOVA,
.66, p = 0.001; dЈ = 1.74 ‫ע‬ 0.25 and 2.31 ‫ע‬ 0.29 at training and 12 h post-training, respectively) and the overnight group by 5.72% ‫ע‬ 3.12 (ANOVA, F (1,8) = 30.2, P = 0.001; dЈ = 1.77 ‫ע‬ 0.42 and 2.3 ‫ע‬ 0.33 at training and 12 h posttraining, respectively). In both groups, additional gains in performance occurred between the 12-and 24-h post-training measurements. Some individuals, in both training groups, showed large gains by 12 h post-training with no additional gains thereafter, while others showed little improvement at 12 h posttraining, but considerably improved after additional 12 h (i.e., by 24 h post-training) (Fig. 3B ).
There were no significant differences between the means of the two groups at 12 and 24 h post-training, with an interval of 12 h in the waking state as effective as equal time overnight including at least 6 h of sleep (mean performance at 12 h posttraining = 86.44% ‫ע‬ 2.78 and 86.06% ‫ע‬ 3.49, dЈ = 2.31 ‫ע‬ 0.29 and 2.30 ‫ע‬ 0.33 for the over-day and overnight groups, respectively (ANOVA, F (1,16) = 0.07, P = NS); mean performance at 24 h p o s t -t r a i n i n g = 8 8 . 5 % ‫ע‬ 3 . 2 1 a n d 8 8 . 0 6 % ‫ע‬ 3 . 1 7 , dЈ = 2.47 ‫ע‬ 0.36 and 2.59 ‫ע‬ 0.45 for the over-day and overnight groups, respectively (ANOVA, F (1,16) = 0.09, P = NS). (Fig. 3B ).
Discussion
Our results provide evidence for a latent, hours-long, posttraining phase of improvement in an auditory verbal identification task in normal hearing young adults. A single intensive training session on an auditory CV-syllables-in-noise identification task triggered large, significant gains in performance that emerged 4-6 h after the termination of the training experience. Moreover, the results of both our experiments suggest that the evolution of delayed gains in this task did not necessarily depend on sleep and that time in the waking state was sufficient. We propose that these time-dependent gains in performance reflect a memory consolidation phase (Karni and Sagi 1993; Karni and Bertini 1997; Stickgold et al. 2002; Maquet et al. 2003a ) in human auditory learning. The finding that the gains in performance were retained over a 6-mo interval supports the notion that both the immediate and the delayed effects of training were consolidated into long-term memory (Karni and Sagi 1993) .
While robust training effects in the auditory modality of human adults are well recognized (see Watson 1980; Demany 1985; Tremblay et al. 1998) , the possibility that these improve- Gains were computed as the difference between identification scores (percentage correct) at different time points and the performance attained during the training session. The horizontal dashed lines represent the median of the standard deviations of all trained subjects at the level of 80% accuracy as attained during the training session. The gap in the time interval between 12-24 h post-training stands for nighttime including sleep of at least 6 h. ments in performance not only occur during the training experience but rather could evolve after the termination of training was not until recently addressed. An animal model has provided evidence for a long-term consolidation phase in the auditory modality (Galvan and Weinberger 2002) . In humans, Atienza et al. (2004) reported changes in the auditory event-related potentials (ERP) at 48-72 h post-training following a single training session on discriminating a complex auditory pattern. While participants showed a significant improvement during the training session, and ERP changes were found at 48 h post-training in the sleep allowed group, clear evidence for delayed gains in auditory performance was not demonstrated (Atienza et al. 2004 ). Our findings of robust delayed gains in the human auditory modality (Ari-Even Roth et al. 2003) are in agreement with those recently reported by Gaab et al. (2004) in a nonverbal task. However, in the latter study delayed gains occurred only when a night's sleep was allowed. In two recent studies (Fenn et al. 2003; Gottselig et al. 2004 ) no delayed gains in performance, compared with immediate post-training, were found even following sleep. Fenn et al. (2003) have found that time in the waking state may even degrade the gains in performance accrued during training on a language-related auditory task. A night's sleep, however, was effective in facilitating the recovery and subsequent recognition of the learned material following a single session of training.
In the present study, the gains in performance generalized partly but not fully to an untrained token pair or to performance with the untrained ear (results to be reported in detail elsewhere; see also Ari-Even Roth et al. 2004 ). This pattern of results supports the notion that a specific improvement in the identification of the trained stimuli has occurred rather than a nonspecific improvement in auditory discrimination.
While the study was not specifically designed to establish the mechanisms whereby time in sleep and time in the awake state contribute to the evolution of delayed gains in auditory skill learning, the results of our two experiments show that the evolution of delayed gains in performance did not necessarily depend on sleep. This result is independent of the fact that in experiment 2 diurnal (circadian rhythm) factors were not controlled for and may have contributed to the daytime (waking state) gains (e.g., Fischer et al. 2002) . In some participants, additional gains were accrued also during the 12-24 h post-training interval (irrespective of whether sleep occurred in the interval), suggesting that the processes presumably subserving the evolution of delayed gains may still be active many hours after the termination of training (see also Hauptmann and Karni 2002; Korman et al. 2003; Walker et al. 2003) . Thus, it is not clear whether sleep following the waking time consolidation interval may have further contributed to the long-term retention of the delayed gains.
As a recent review has pointed out, the necessity of sleep for effective consolidation is still under debate (Maquet et al. 2003a) . While several studies on visual and motor skill learning reported delayed gains in performance evolving in the awake state, at least in some participants (Karni and Sagi 1993; Karni et al. 1994; Shadmehr and Holcomb 1997; Gais et al. 2000; Fischer et al. 2002; Maquet et al. 2003b ), others, often using different versions of these tasks, found significant improvement only after a night's sleep (Stickgold et al. 2000b; Walker et al. 2002 Walker et al. , 2003 Korman et al. 2003) . Our results are in accordance with studies of visual discrimination learning (Karni and Sagi 1993; Karni et al. 1994; Gais et al. 2000) , and in a visuo-motor task (Maquet et al. 2003b) reporting that, at least for some individuals, significant delayed gains in performance were accrued also in the awake state. The source for these inconsistent findings is not clear (Maquet et al. 2003a; Korman et al. 2005) . First, the amount of interference afforded by the intervening daytime experience may be critical in determining the relative effectiveness of awake state consolidation (Brashers-Krug et al. 1996; Hauptmann and Karni 2002; Walker et al. 2003 ). An argument of this nature was suggested by Fenn et al. (2003) and Gottselig et al. (2004) to explain the deterioration in performance during active waking state but not when sleep was allowed. Second, the triggering, and perhaps the rate of evolution, of delayed gains in performance may depend on the amount of training afforded during the training experience (Karni 1996; Hauptmann and Karni 2002) and the training schedule (Korman et al. 2003 ) a factor uncontrolled for across studies. This factor may explain the large differences in delayed gains found after a night's sleep following a single session versus two training sessions in the Gaab et al. (2004) study. It was also suggested that when less than optimal training was given, two cycles rather than one sleep cycle were needed for delayed gains to occur (Hauptmann and Karni 2002) . Third, it is clear that some training schedules may even result in significant transient losses in performance, which may be recovered by sleep (Mednick et al. 2002; Fenn et al. 2003) . Fourth, the nature of the training material, specifically the variability between the actual contents (stimuli) presented in the training events, may be a critical factor in determining the time-course of learning (Ofen-Noy et al. 2003) . It was previously suggested that the evolution of delayed gains in perceptual tasks may depend on factors such as keeping task difficulty above but near threshold, avoiding floor effects in A latent consolidation phase in auditory learning
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The time-course of the evolution of delayed gains, and their retention, in our auditory identification task is similar to the one reported by Karni and Sagi (1993) in their version of the visual texture target discrimination task. The demonstration that some training schedules can even effect transient, specific losses of performance during the awake state, recoverable by sleep, in both the visual and auditory modalities (Mednick et al. 2002; Fenn et al. 2003) provide another indication for the similarity between learning processes in the two sensory systems. Thus our results support the parsimonious notion that common processes may subserve memory consolidation during normal sleep and the awake state in the visual and auditory modalities, given similar task and training constraints (Karni et al. 1994; Karni 1996) . We cannot rule out, however, that contrary to this parsimonious notion a process or mechanism available only during sleep (see Ribeiro et al. 1999; Korman et al. 2005 ) may be critical for the evolution of delayed gains in specific tasks or specific processing systems (see Dudai 1996) .
Materials and Methods

Subjects
A total of 48 right-handed, native Hebrew-speaking, female subjects participated in the experiments. Their mean age was 23.41 ‫ע‬ 2.46 yr (range = 18-26 yr). All subjects had normal hearing sensitivity in both ears (pure-tone air-conduction thresholds Յ15 dB at octave frequencies of 250-8000 Hz) (ANSI 1989). Participants had no history of hearing or speech disorders or of sleep-wake cycle disruptions. All were naive to the experimental procedure and had not participated in similar experiments before. Subjects were instructed not to take naps during daytime and to abstain from alcoholic beverages. To be included in experiment 2, at least 6 h of sleep were required on the target night. The study was approved by the Institutional Review Board of Tel-Aviv University. Informed consent was obtained from all subjects. Subjects were paid for their participation.
Stimuli
The stimuli in the present study consisted of naturally spoken stop CV syllables /da/-/ga/ embedded in noise (Fig. 4A-C) . These specific syllables were chosen as they constitute a minimal pair differing only in the place of articulation. Thus, they are more susceptible to noise as they are highly dependent on spectral cues for perception (e.g., second formant transition) (Gelfand et al. 1986 ). The ability to discriminate such speech sounds in noise is an important factor in normal speech perception, and a deficiency in this ability characterizes children and adults with auditory processing disorders (see Jerger and Musiek 2000) , hearing impairment (Beattie et al. 1997) , and normal aging (Weinstein 2000) . Two productions of each of the /da/ and /ga/ syllables were digitally recorded from a female native Hebrew speaker at a sampling rate of 22,050 Hz in 16 bits, normalized, and edited to a total duration of 300 msec. White Gaussian noise was gated with a 10-msec cosine-raised rise-fall time. Each of the two versions of each token was then mixed with five different segments of noise, thus resulting in within-syllable variability due to the effect of different noise pairing. The total duration of the syllables in noise was 400 msec, with the syllable introduced 50 msec after the onset and terminating 50 msec before the termination of the noise. The CV syllables were kept at a constant intensity of 55 dBHL and mixed with the noise using a root mean square function at different SNRs from 15 dB to ‫3מ‬ dB by varying the level of the masking noise.
Learning task
A two-alternative forced choice design was used in a single, intensive, monaural training session. The session lasted 60-75 min and consisted of a total of 24-28 blocks (1200-1400 trials). Each training and testing block consisted of 50 target syllables embedded in noise at a constant SNR. Within each block, all five tokennoise segment pairs of each of the two target syllables were presented randomly in a balanced manner. Four successive blocks were presented at each SNR. Training started at SNR = 15 dB, decreased in 3-dB or 1-dB steps depending on the subject's performance, and stopped at chance level performance (Fig. 4D) . The post-training tests consisted of four to five blocks at an SNR corresponding to the one at which 75%-80% accuracy was achieved during the session. Visual feedback (trial by trial) was given only on the first two blocks. Stimuli were presented monaurally (Sennheiser HD 280 headphones). Responses were recorded by using Super Lab Pro system V 2.0 (Cedrus Corp.) with a two-button response box.
Each participant was randomly assigned to training on one of the token pairs (one /da/ and one /ga/; each paired with five different noise segments) and was then tested with the same pair. Statistical analysis revealed no significant differences in discriminatory performance or learning between the token pairs or the trained ear (right versus left). 
Design and procedure
Experiment 1
Participants trained in the morning (9 a.m. ‫1ע‬ h). To test whether time-dependent gains in performance could evolve after the termination of the training session, the gains in performance were assessed at two time points following a single intensive training session: (1) on the day of training, within 1-12 h posttraining, and (2) at 24 h post-training (Fig. 1A) . Twenty-two participants (mean age = 22.41 ‫ע‬ 2.46 yr) participated in this experiment. Eleven participants were tested at 1-5 h post-training and 11 at 6-12 h post-training. All participants were retested at 24 h post-training, and 13 participants were also retested at 48 h post-training. To exclude the possibility that gains in performance observed 24 h post-training were influenced by the experience gained during the first post-training test (at 1-12 h posttraining), a control experiment was conducted with six additional subjects. Each subject was tested only once following training, at 24 h post-training.
To establish the robustness of retention, nine subjects were retested at 1 mo and six others after an interval of 6 mo posttraining (Fig. 1A) .
Experiment 2
In order to test for a possible differential effect on performance when normal sleep was afforded post-training, 20 additional subjects were randomly assigned to one of two subgroups: an overday group (10 participants, mean age = 22.99 ‫ע‬ 1.55 yr) and an overnight group (10 participants, mean age = 24.14 ‫ע‬ 1.58 yr). The over-day and overnight groups were trained at 8 a.m. and 8 p.m., respectively, and both groups were retested at 12 and 24 h post-training (Fig. 1B) . Participants were allowed normal everyday activity after the completion of the training session. Daytime napping was not allowed. Each participant agreed to allow for >6 h of sleep, to sleep in her normal abode, and to measure and report her sleep time. One participant in the overnight group reported <6 h of sleep on the target night and was excluded. All participants reported normal sleep of >6 h duration.
The ability to generalize the learning gains to untrained conditions (i.e., untrained /da/-/ga/ token pair produced by the same speaker, untrained ear) was tested following the 24 h posttraining test but is not reported in details in the current article (Ari-Even Roth et al. 2004 ).
Data analysis
Gains in performance were calculated as the increase in identification performance during each of the two post-training tests in relation to the performance in the training session, measured as percentage of correct and dЈ (a measure of discriminability based on the hit and false alarm rates). Four participants (two in experiment 1 and two in experiment 2) showed no significant improvement in any of the two post-training tests (including at 24 h post-training); these nonlearners were not included in the statistical analysis.
